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Rare-earth silylamides of type [Ln{N(SiHMe,),};(thf),] (Ln =Sc, Y, La, Nd, Er or Lu) have been prepared in
high yield by reaction of 2.9 equivalents of Li[N(SiHMe,),] with [LnCl,(thf),] in n-hexane or thf, depending on
the solubility of the rare-earth halide precursor. The complexes [Ln{N(SiHMe,),};(thf),] (Ln =Y, La to Lu) are
isostructural in the solid state, adopting the preferred (3 + 2, distorted) trigonal bipyramidal geometry, whilst
[Sc{N(SiHMe,),};(thf)] has a distorted tetrahedral co-ordination geometry and short Sc- - - Si contacts in the
solid state. The reaction of [Y {N(SiHMe,),} ;(thf),] with varying amounts of AlMe; resulted in desolvation

and alkylation with formation of AlMes(thf), {AlMe,[u-N(SiHMe,),}, and heterobimetallic (Y/Al) species.

The generation of surface-bonded ‘(=5i0), Y[N(SiHMe,),],” and ‘=SiOSiHMe,” moieties via the grafting of

[Y {N(SiHMe,),};(thf),] onto the mesoporous silicate MCM-41 is described in detail. Consideration is given

to the factors governing the siloxide formation and silylation reactions, and the thermal stability of the

surface species.

Rare-earth amides, and in particular silylamides," are of poten-
tial relevance in catalysis? and the material sciences.® Further-
more, the synthetic versatility of the Ln—N(SiMe;), moiety is
well established in amine elimination reactions known as the
silylamide route (Scheme 1)."* Rare-earth amides are also
capable of alkylation reactions via Lewis acid-base derived
heterobimetallic species.™® Advantages of the Ln—N(SiMe;),-
based silylamide route are (i) facile availability of mono- and
heterobi-metallic amide precursors, (ii) favourable (mild) reac-
tion conditions including non-co-ordinating solvents, ambient
temperature, smooth work-up procedures and ‘quantitative’
yield, (iii) avoidance of halide contamination and (iv) donor
ligand-free products due to the weak donor capability of the
released silylamine.! Complexes [Ln{N(SiHMe,),};(thf),]
derived from the sterically less bulky bis(dimethylsilyl)-
amide ligand were introduced better to cope with the steric
requirements of catalytically relevant, bulky and chelating
ancillary ligands such as salen or linked cyclopentadienyl
derivatives.” We report here a detailed synthetic and structural
examination of these versatile synthetic building blocks. In add-
ition, AlMe;-directed desolvation and alkylation reactions are
discussed.

Very recently, we found that many features of the homo-
geneously performed silylamide route can be transferred to a
heterogeneous medium (Scheme 1).* Such a supramolecular
approach allowed the grafting of rare-earth silylamide com-
plexes onto a mesoporous aluminosilicate of type MCM-
41%1 yig surface organometallic chemistry.!! The presence of
‘Si—H’ as a spectroscopic probe helped to unravel the chemical
anchoring of the silylamides which proceeds via siloxide form-
ation and silylation reactions. In this work more light will
be shed on the surface organometallic chemistry of [Ln-
{N(SiHMe,), } ;(thf),] involving a mesoporous MCM-41 host
material.

+ Non-SI unit employed: Torr ~ 133.322 Pa.
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Results and Discussion

Synthesis and spectroscopic characterisation of
[Ln{N(SiHMe;),} (thf),]

We have previously reported an improved synthesis of [Y-
{N(SiHMe,),};(thf),] 1a which is formed by the reaction of
[YCI,(thf), 5] with Li[N(SiHMe,),] in n-hexane even at ambient
temperature.'? This reaction procedure seems to be transferable
to all rare-earth elements which form thf solvates'® of com-
position [LnCl,(thf),] with x > 2 as shown in this work for the
erbium (1b) and lutetium derivatives (1c¢) (Scheme 2). Com-
pounds 1b and 1c¢ were obtained in high yield (>90%)f and
characterised by IR spectroscopy, elemental analysis, mass
spectrometry and multinuclear NMR  spectroscopy. Table 1
comprises the spectroscopic characteristics of the intriguing
Si—H moiety of compounds 1. The low-energy Si—H vibrations
observed in a range indicative of agostic interactions'*!s
could not be established by an earlier structural investigation
of 1a.”

In contrast, the early lanthanide elements form [LnCl;-

1 The yttrium-derivative can alternatively be obtained in 94% yield by
treating dehydrated Y(O,SCF;); with Li[N(SiHMe,),] in refluxing n-
hexane—thf (10:1) for 18 h; however, this product contains approxi-
mately 2% of LiO,SCF; according to *C NMR spectroscopy.
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Table 1 Spectroscopic data for bis(dimethylsilyl)amide moieties

IR
Compound V(SiH)
HN(SiHMe,), 2120s
Li[N(SiHMe,),] 1990s
2 “Li[N(SiHMe,),](thf)’ 2025s

2072s, 1939m
2072s, 1940m
2071s, 1939m
2066s, 1967m
2051s, 1970m
2088s, 2041m
2091s

2067s, 1931m

1a [Y {N(SiHMe,),} 5(thf),]

1b [Exr {N(SiHMe,),} 5(thf),]
Te [Lu{N(SiHMe,), ! 5(thf),]
Te [Nd{N(SiHMe,),} 5(thf),]
1d [La{N(SiHMe,),} y(thf),]
[Y {N(SiHMe,),} ;(carbene),]*
3 [Sc{N(SiHMey),} 5(thf)]

4 [Y{N(SiHMe,),}(thf)]

[Y {N(SiHMe,),} ;(carbene)]*

6 {AlMe,[u-N(SiHMe,),]}, 2183s

2070s, 1992m, 1927m

'"H NMR* Si NMR ®
8(SiH) 8si("Jsiu/Hz)  Ref.
4.74 —11.1(170) c
4.67 —21.6 (168) c
5.15 —23.5(170) c
4.99 —19.6 (171) 7(a)
c
4.95 —21.3 (165) c
-7.9 ¢
5.02 -26.0 c
5.10 —22.5(172) 12
5.03 —19.3(173) c
4.94 —22.4 (161) c
5.04 —23.1(164) 12
5.02 (211)¢ c

“ Spectra recorded as Nujol mulls (cm™?). ® Spectra recorded in C4Dy solution at 20 °C. ¢ This work. ¢ Carbene = 1,3-dimethylimadazolin-2-ylidene.

¢ Received from '"H NMR spectroscopy.

Table 2 Synthetic approaches to [La{N(SiHMe,), }(thf),] 1d

Run Precursors Conditions*

a LaCl,, Li[N(SiHMe,),] thf

b [LaCl,(thf), 5], 2 n-Hexane-thf (10:
c [LaCl,(thf), ;], LiIN(SiHMe,),] n-Hexane-thf (10:
d [LaCly(thf), 5], LiiN(SiHMe,),]* thf, r.t.

e La(O;SCF,),, LiIN(SiHMe,),]® n-Hexane-thf (10:
f La(O;SCF;);, Li[N(SiHMe,),]® n-Hexane-thf (10:
g [LaCl,(thf), ;], Na[N(SiHMe,),] n-Hexane-thf (10:
h La(O;SCF;);, Na[N(SiHMe,),]® n-Hexane—thf (10:
i [LaCl,(thf), 5], K[N(SiHMe,),] n-Hexane—thf (10:
] La(O;SCF,);, K[N(SiHMe,),]® n-Hexane-thf (10:

1) 2 (=100), [LaCl,(thf), 5] (=100)
1) 1d (0-15), 2 (=75)
1d (96)¢ Spectroscopically pure
1), r.t 1d (39) Contains LiO,SCF,
1) 1d (52) Contains LiO;SCF,
1) 1d (72) Contains halide
1) Complex mixture Contains NaO,;SCF;
1) Complex mixture Contains halide
1) Complex mixture Contains KO,SCF,

Product [yield %)]
2 (92.5), [LaCl,(thf), ,] (=100)

Comment

“18 h and reflux unless otherwise indicated. ® Clear solution after 5 min of stirring. ¢ Scale-up to >20 mmol unproblematic, yield doesn’t change

under reflux conditions.

[YCl(thf)3.50]
\ + 2.9 LiN(SiHMe,),] )
[ErCla(thf)z 25] - [Ln{N(SiHMe3)2}3(thf)2]
n-hexane, r.t., — LiCl
UGN ] | Ln =Y (1a), Er (1b), Lu (1c)
rt,18h
(LaCh(th) ] +29 L:legffg:wez)z], [LafN(SiHMe,)}s(thf),]
1d
reflux, 1h
+ 2.9 Li[N(SiHMe,),] )
[ScCls(thf)z o0l [Sc{N(SiHMe;)a}5(thf)]

n-hexane, r.t., — LiCl 3

Scheme 2 Synthesis of [Ln{N(SiHMe,),};(thf),] 1, 3. r.t. = Ambient
temperature

(thf),] " with x < 2 which are less soluble and not readily access-
ible to the synthesis in n-hexane. Considering the importance of
organolanthanide precatalysts derived from the larger elements
according to the principle of steric oversaturationlunsaturation,"
we anticipated a detailed synthetic study, involving the largest
lanthanide element, lanthanum. The peculiarities of various
synthetic approaches are summarised in Table 2. The trans-
formations are very sensitive to the type of solvent (mixture),
synthetic precursors, reaction time and temperature. The scarce
solubility of LaCl,(thf),; in n-hexane—thf (10:1; run ¢) and
contamination with alkali-metal triflate coproducts (runs e, f, h
and j) decisively counteract efficient preparations. In particular,
product formation is hampered by ‘deactivation’ of the lithium
amide precursor due to formation of ‘Li[N(SiHMe,),](thf)” 2
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during prolonged reaction periods (runs a—).§ The relatively
slow formation of similar lithium amide-thf adducts and the
limited reactivity of the resulting dimeric form [Li(u-NR,)-
(thf)], due to steric hindrance is well examined."® Reactions
conducted with isolated and fully characterised 2 are in accord
with these findings (run b). However, the synthetic approach
(run d) which is further emphasised in Scheme 2 affords very
pure [La{N(SiHMe,),};(thf),] 1d in >95% yield. Under the
same conditions the previously reported [Nd{N(SiHMe,),};-
(thf),] 1e™ could be obtained in 91% yield. Apparently, the
enhanced solubility of [LaCl,(thf), 5] in pure thf favours prod-
uct formation over deactivation of the lithium amide. If LaCl,
which is almost insoluble in thf is employed, formation of
deactivated 2 is predominant (run a). Additionally, the
nature of the alkali metal (M = Li, Na or K) in the precursor
MI[N(SiHMe,),] affects product formation. While the sodium
derivative " affords 1d in good yield even in a n-hexane-thf
mixture (run g), a complex mixture is isolated from the K[N-
(SiHMe,),] ¥ reaction (run i). Spectroscopic data (Table 1) and
elemental analysis of 1d are consistent with the data obtained
earlier on homologous [Ln{N(SiHMe,),};(thf),].”* Notable is
that the wavelength of the lower-energy shoulder of the Si-H
vibration significantly decreases across the series La > Lu
(8 ~ 40 cm ™) indicating the extent of interaction with the more
Lewis acidic metal centre (Table 1).

We have also been interested in the synthesis of the derivative
of the smallest rare-earth metal, scandium. The availability of a
versatile, highly soluble scandium precursor seems to be worth-
while, considering the changed reactivity of homogeneous
organolanthanide precatalysts containing this more Lewis-
acidic metal centre.® The compound [Sc{N(SiHMe,),};(thf)] 3

§ According to "H NMR spectroscopy compound 2 is formed slowly in
pure thf. Detected yield: <1 (5 min), ca. 10 (1 h), ca. 95% (24 h).



M-N(1)
M-N(2)
M-N(3)
M-0O(1)
M-0(2)
Si-N (range)
Si—C (range)

O(1)-M-0(2)

N-M-N (range)
N-M-O (range)
Si—-N-Si (range)

3(Sc)

2.079(2)
2.063(2)
2.064(2)
2.181(2)

1.698(2)-1.715(2)
1.855(4)-1.864(4)

111.57(9)-115.79(9)
93.28(8)-118.59(8)
119.9(1)-127.5(1)

1c (Lu)

2.235(3)
2.184(3)
2.238(3)
2.330(3)
2.346(3)
1.697(3)-1.708(3)
1.860(5)-1.875(4)

162.88(8)

110.9(1)-136.8(1)
84.77(9)-100.20(9)

122.3(2)-125.0(2)

Table 3 Selected bond lengths (A) and angles (°) in compounds 3, 1¢, 1a, le and 1d

1a (Y)*
2.275(4)
2.229(4)
2.276(4)
2.390(3)
2.406(3)
1.693(4)-1.709(4)
1.839(5)-1.880(5)

163.1(1)
111.1(1)-134.8(1)

85.0(1)-101.5(1)
123.1(2)-125.5(2)
112.2(2)-122.2(2)

Ie (Nd)“

2.353(4)
2.326(5)
2.351(5)
2.513(4)
2.525(4)
1.675(5)-1.696(5)
1.812(5)-1.869(5)

163.1(1)
113.7(2)-129.2(2)

85.3(2)-102.0(2)
125.1(3)-127.5(3)
112.7(3)-119.8(3)

1d (La)
2.416(5)
2.395(5)
2.407(5)
2.564(4)
2.583(4)
1.671(6)-1.699(6)
1.843(9)-1.881(9)

160.6(2)
114.1(2)-128.3(2)

84.6(2)-104.6(2)
126.1(3)-130.5(3)
109.0(3)-120.5(3)

M-N-Si 104.4(1)-132.6(1) 111.7(2)-123.3(2)
a, 127.5(1) 122.3(2)
a,? 119.9(1) 123.4(2)
a? 126.1(1) 125.0(2)
0(1)® 53.32(7) 13.92(5)
0(2)* 34.53(16) 60.72(7)
0(3)* 81.79(19) 7.17(6)
5 0.507(1) 0.027(2)
M---Si(l) 3.016(1) 3.427(1)
M---Si(2) 3.395(1) 3.376(1)
M---Si(3) 3.462(1) 3.373(1)
M---Sid) 3.052(1) 3.319(1)
M---Si(5) 2.989(1) 3.476(1)
M- --Si(6) 3.409(1) 3.271(1)

“ From ref. 7(a). ® Compare to Fig. 2.

123.1 125.1 126.1(3)
124.7 127.5 130.5(3)
125.6 126.7 128.2(3)
16.4 18.6 20.08(9)
57.4 52.4 52.32(11)
7.6 9.8 10.02(9)
0.043 0.046 0.077(3)
3.448 3.443 3.467(3)
3.415 3.501 3.575(3)
3.426 3.480 3.561(3)
3.308 3.351 3.337(3)
3.498 3.488 3.527(3)
3.306 3.420 3.466(3)

Fig. 1 A PLATON? plot of the molecular structure of [La{N(SiH-
Me,), }5(thf),] 1d. Thermal ellipsoids are drawn at the 50% probability
level. Non-refined hydrogen atoms are omitted for clarity

is readily formed from [ScCl,(thf);] and Li[N(SiHMe,),] in
n-hexane according to Scheme 2. Both FTIR and 'H NMR
spectroscopic examinations of 3 indicate a less distinct
Sc- - - (Si—H) interaction compared to those of the larger lan-
thanide elements. Only one Si—H stretching vibration is
observed at 2091 cm ™!, and both the chemical shift of the Si—-H
proton (8 5.03) and the 'Jgy coupling (173 Hz) fall in a non-
interacting region. Proton NMR spectroscopy and elemental
analysis give evidence for the co-ordination of only one thf
molecule (Table 1).

Structural chemistry of [Ln{N(SiHMe,),},(thf),]

Single crystals of compounds 1¢, 1d and 3 were grown at
—35°C from saturated n-hexane solutions. Selected bond

Ln ‘[ﬁ

M,M.M-plane

Fig. 2 Structural details of the M—N(SiHMe,), moiety. Angle 0 is the
dihedral angle between the Si,N plane and the N; plane

lengths and angles are listed in Table 3. The molecular struc-
tures of lc and 1d are isostructural with the yttrium and
neodymium derivatives (space group P2,/c),” adopting the pre-
ferred distorted trigonal bipyramidal geometry as shown for
[La{N(SiHMe,),}s(thf),] 1d in Fig. 1. A schematic drawing of
important structural parameters is shown in Fig. 2. Interest-
ingly, the same overall structural features are found in aryloxide
complexes of type [Ln(OC4H;Pr',-2,6);(thf),] (space group
P2,):* (i) one of the three equatorial counter ligands is twisted
significantly out of the equatorial plane (Fig. 2, angle 0), pre-
sumably for steric reasons; (ii) the axial thf ligands bend away
from this twisted ligand defining O-Ln-O angles which are sig-
nificantly smaller than 180° [silylamides 1, 160.6(2)-163.1(1);
aryloxides, 155.9(3)-158.9(4)°]. Additionally, this silylamide
fragment apparently forms the closest Ln—N contact in com-
plexes [Ln{N(SiHMe,),},(thf),] [1d, 2.395(5); 1c, 2.184(3) A].
Examples of other structurally characterised lanthanum
and lutetium silylamide complexes (Ln-N) include [La{N-
(SiMe;),}5(OPPhy),]  [2.41(2) AL*  [La{N(SiMey),},(PPhy)-
(OPPhy),] [2.40(1) AL* [Lu{N(SiMe;,),};] [2.17(1) A]™ and
[Lu{N(SiMe;),} (cot)(thf)] [2.197(3) A].5 The Ln-O(thf) dis-
tances average 2.573(4) (1d) and 2.338(3) A (1c) and are thus
significantly elongated compared to those in [Ln(OC4H,Pr;-
2,6),(thf),] [La, average 2.52(1); Lu, 2.296(3) A].?2 Similar to the
[Ln{N(SiMe,),};] congeners, the NSi, ligand fragment behaves
as a sensitive probe for the extent of the ionic character of the
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Fig. 3 A PLATON plot of the molecular structure of [Sc{N(SiH-
Me,),}5(thf)] 3. Thermal ellipsoids are drawn at the 50% probability
level

Ln-N bond (Fig. 2, angle o). Hence the shortest N-Si dis-
tance (average 1.689 A) and the widest Si-N-Si angles (average
128.3°) are observed for the lanthanum derivative.

There are only a few classes of hydrocarbon-soluble
rare-earth metal complexes which have been structurally char-
acterised for the entire 17-element series, among which the
homoleptic systems [Ln{N(SiMe;),};]* and [Ln(CsHs);]* rep-
resent the most well known derivatives. While the former class
shows no structural changes across the rare-earth elements due
to the steric flexibility of the bis(trimethylsilyl)amide ligand, the
sterically rigid cyclopentadienyl ligand results in various struc-
tural motifs, reflecting the ionic nature of these compounds.
The system [Ln{N(SiHMe,), };(thf),] represents a rare example
of base adducts with the series La—Lu (including Y) being iso-
structural. For comparison, silylamide complexes of type
[Ln{NPh(SiMe,)},] can accommodate two additional thf lig-
ands only for the lanthanum derivative.® Another detailed
structural study is available for mono- and bis-base adducts of
[Ln(CsHs);L,]. While mono thf adducts are available for all
Ln,” bis(acetonitrile) derivatives are preferably formed in the
case of Ln=La, Ce or Pr.? Aryloxide complexes of type
[Ln(OC¢H,Pr',-2,6),(thf),] were found to be isostructural for
Ln=La, Pr, Sm, Gd, Er or Lu.22

The co-ordination of one thf molecule to the Sc[N(Si-
HMe,),]; fragment was unequivocally proven by X-ray struc-
ture analysis (Table 3). The molecular structure of compound 3
as shown in Fig. 3 features a four-co-ordinated scandium centre
with a distorted tetrahedral arrangement of the ligands. A simi-
lar geometry has recently been observed in [Y {N(SiHMe,),} ;-
(carbene)]** (Table 1) and [Nd{NPh(SiMe;)},(thf)].?® Various
mono-base adducts of [Ln{N(SiMe,),};] also display this lig-
and arrangement.*® Despite 3 being formally four-co-ordinated,
the Sc—O (thf) distance of 2.181(2) A corresponds to that of
the six-co-ordinated synthetic precursor [ScCl;(thf),] [average
2.182(8) A].3' For comparison, the Sc-O (thf) bond length
in formally eight-co-ordinated [Sc(CsHs),{Si(SiMe;),}(thf)] is
2.216(3) A The compound [Sc,{n®-CsH(SiMe,),-1,4}1,-
(1-Cl),(pu-thf)] features a ‘semibridging’ thf ligand with Sc-O
(thf) distances of 2.324(7) and 3.056(9) A, respectively.’* The
scandium atom in 3 is located approximately 0.5 A above the
plane defined by the three nitrogen atoms (Fig. 2, distance 9)
and participates in almost uniform N-Sc—N angles and strongly
varying O-Sc-N angles (Table 3). The Sc-N bond lengths
average 2.069(2) A. Other organometallic complexes containing
Sc-N bonds include [Sc{N(SiMe,),}] [2.047(6) Al,>* [{Sc[n’-
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SiMe,(CsMe,)(NBu)](PMe;)],(1-C,H,),] [2.071(6) A]-35 [{Sc-
[n°-SiMey(CsMe,)(NBu]}5(1-C;Hy)y] [2.083(5) A]*® and [{Sc-
[3-SiMe,{CsH,C,H,NMe,-3} (CNBu®)]},(u-H),] [2.075(4) A].%
The Sc—N bond distances found in porphyrin (por) derivatives
of type Sc(por)L [L =Me, CH(SiMe,),, CsHs or C,H,] range
from 2.142(6) to 2.197(3) A.¥" Despite there being no spectro-
scopic indication of any Sc---(Si—H) interaction, the solid-
state structure of 3 reveals one close Sc - - - Si contact [2.989(1)—
3.052(1) A] for each N(SiHMe,), fragment. Supportive of such
an agostic approach are the deviations of the Sc—N-Si angles
within a given silylamide ligand [A(Sc—N-Si) 21.4-25.2°]. For
comparison, A(Ln—-N-Si) of [Ln{N(SiHMe,),};(thf),] are in
the range 2.6-11.7°. The N-Si bond distances of 1.698(2)-
1.715(2) A in 3 appear significantly shortened compared to the
1.751(2) A in [Sc{N(SiMe,),}5].* The tendentiously widened
Si—N-Si angles average 124.5(1)° and thus are also in agreement
with a more ionic Sc—N bond in 3 compared to that in [Sc{N-
(SiMe;),} 5] [Si-N-Si, 121.6(4)°].** In addition, the disorder of
two methyl groups of one SiHMe, fragment hints at a steric
unsaturation of the metal centre.

Reactions of [Y{N(SiHMe,),};(thf),] with AIMe;: thf desolvation
and alkylation

Dissociation of thf is proposed to precede the amine elimination
reactions of [Ln{N(SiHMe,),};(thf),] with bulky and chelating
ligands.” In a previous study the sterically less hindered mono-
base adduct of [Y{N(SiHMe,),};(thf)] 4 could be isolated’
according to the ‘toluene reflux method’ [equation (1)].*® The

toluene, heat

[Y {N(SiHMe,),} ;(thf),] — _ur
la

[Y{N(SiHMe,),};(thf)] (1)
4

[Y{N(SiHMe,),},(thf),] + AlMe; —
la

[Y {N(SiHMe,),} 5(thf)] + AlMe,(thf) (2)
4

[Y{N(SiHMe,),}s(thf),] + excess AlMe; —
la

[Y{(n-Me),AlMe,},] + {AlMe,[u-N(SiHMe,),]}, +AlMe;(thf)
5 6
+ insoluble product (3)

[La{N(SiMe;),};] + AlMe; — no alkylation reaction (4)
7

thf in compound 1a may also be displaced by using a Lewis
acid-base competition reaction with AlMe, [equation (2)].%
Analysis of the '"H NMR and FTIR spectra of the n-hexane-
soluble fractions of the reaction of 1a with AlMe, (1,2,3,50r 8
equivalents) indicate both thf abstraction and alkylation. The
1 equivalent reaction leads to abstraction of one thf molecule
and formation of AlMe,(thf) and 4. Compound 4 exhibits
stronger Y - - - (Si—H) interactions compared to 1a as evidenced
by two well resolved Si—H vibration modes at 2067 and 1931
cm™!, an upfield shift of the Si—H protons by 0.10 ppm and a
decreased Si—H coupling by approximately 10 Hz (Table 1).
Addition of 2 equivalents of AlMe; to compound la not
only displaced thf but also initiated alkylation, spectroscopi-
cally evidenced by the formation of {AlMe,[u-N(SiHMe,),]}, 6
[Table 1; 5(AlMe) —0.11]* and the ‘Y(u-Me),AlMe,” moiety
[6(Me) —0.26].%¢ The 3 equivalent reaction produces a Y-N-
(SiHMe,), fragment with a very low-energy Si—H stretch vibra-
tion of 1888 cm™!. Extended Y - - - (Si—H) interaction in this
reaction product is also indicated by a '"H NMR resonance at



r'““n-__ - 7/ —_:‘\. ) . _ ’})_ B
|1
% =] o )
Fig. 4 Cone-angle views of ‘N(SiMe;),” (A) and ‘N(SiHMe,),” (B, C,
D)

8 4.66 (Av =24 Hz). The additional resonances in the methyl-
metal region of the 'H NMR spectra which are detected at §
—0.18 to 0.21 for the 2, 3 and 5 equivalent reactions are absent
after addition of 8 equivalents of AlMe; [equation (3)] and 5 is
formed as the only heterobimetallic compound. Hence these
signals can be assigned to heteroligand-bridged species of type
[Y{u-N(SiHMe,),} (u-Me)AlMe,]. The use of more than 1
equivalent of AlMe,; also produces increasing amounts of a
white precipitate [v(SiH) 1961 (br) cm™'] which is not soluble in
toluene but dissolves in thf.**! The rather complex '"H NMR
spectrum of this residue in [*Hg]thf reveals several resonances in
the Si—H region (8 4.71, 4.57 and 4.46). Attempts to separate
and further to characterise the various n-hexane-soluble reac-
tion products including AIMe;(thf),§ 6 and mixed-ligand alkyl-
ated yttrium species were hampered by their good solubility in
n-hexane. Crystallisation of the n-hexane fractions at —35°C
yielded 6 in varying amounts, as confirmed by a low-
temperature (163 K) X-ray analysis.*’

Similar alkylation reactions have been observed along with
dialkylamide derivatives of the trivalent lanthanides.’ In add-
ition, the attachment of thf to alkylated metal centres has been
detected in AlMe;-mediated alkylations of yttrium alkoxides.**
Displacement of the silylamide ligand of 1a via alkylation with
AlMe;, could not necessarily be expected since disilylamide lig-
ands display a Lewis-base character which is considerably
decreased compared to dialkylamides. However, the readily per-
formed alkylation sequence (3) now might explain why [La-
{N(SiMe;),};] 7 is inert when exposed to AlMe, [equation (4)]:"
A heterobimetallic bridging moiety is obviously not formed
due to a steric destabilisation.

The enhanced steric flexibility of the Ln[N(SiHMe,),], frag-
ment is illustrated in Fig. 4 by application of the cone-angle
model.* The standard Y-N(SiMe;), moiety exhibits a maximum
cone angle of 187° (arrangement A). For comparison the cone
angles of the spherical CsHs,* tri-tert-butylmethoxide(tritox)**
and CsMe; ligands are 136, 125 and 175°, respectively.|| In con-

4 The chemical shift of the methyl protons in AlMe,(thf) depends on
the AlMe;: thf ratio in the system, ranging from § —0.41 to —0.54 in
C¢Dg.

|| The cone angles were determined from crystal structure data by rotat-
ing the silylamide ligand about the Ln—N bond to approach the maxi-
mum cone. The values discussed in the text should be viewed critically,
because amide ligands have a disc rather than a spherical profile. For
clarification, the resulting cone-angle profile shows the minimum at 120
(A), 102 (B), 120 (C) and 128° (D) for the yttrium derivatives. The cone
angle of the CsMe; ligand was determined from the crystal structure of
[Y(CsMes),{N(SiMe,),}].* The Y-N distance of approximately 2.27 A
corresponds to the Ni—P distance of 2.28 A originally employed by
Tolman to calculate the cone angles of phosphines.

MCM-41 (8)

[Y{N(SiHMe;)2}5(thf)2]
; la
(i)
2 =Si-0OH
HN(SiHMey), [

2 =Si-OSiHMe; + NH3]
10a

(MezHSi)zN\ _N(SiHMe,), ’T‘(SiHMez)z

Y SiHMe, Y
/ o O/ \o (NHy)

\ | l .
Il

M(l,M—41 9

Scheme 3 Possible surface species formed in the immobilisation of
[Y {N(SiHMe,),},(thf),] 1a on MCM-41 8. (i) n-Hexane, ambient tem-
perature, 20 h; thf is not shown for 9

trast, the extent of the cone angle of the bis(dimethylsilyl)amide
ligand is considerably affected by the electronic saturation of
the metal centre. The ligands of the [Ln{N(SiHMe,),};(thf),]
molecules discussed above adopt orientation B, the two SiH
hydrogen atoms pointing towards the metal centre, thus result-
ing in maximum cone angles ranging from 140 (La) to 157° (Sc)
dependent on metal size.*” The Y-N(SiHMe,), moiety in la
exhibits a maximum cone angle of 142°. The cone angle is
markedly increased in the case of the diagostic Y ---(Si-H),
interaction (C, 174°) detected recently in [Y {N(SiHMe,),} {n°’-
SiMe,(CoHsMe-2),}].7* Amazingly, a similar cone angle of 172°
has been observed in [Y{N(SiHMe,),}(salen)(thf)] [salen =
N,N'-bis(3,5-di-zert-butylsalicylidene].”” In this complex the
silylamide ligand is orientated in such a way that two methyl
groups point towards the yttrium centre (arrangement D).

Grafting of [Y{N(SiHMae,),},(thf),] 1a onto mesoporous
MCM-41

Mesoporous aluminosilicates of type MCM-41 are currently
discussed as intriguing support materials.'® High surface areas
(>1000 m? g') and structural order through hexagonally
arranged uniform mesopores ensure both a more efficient guest
loading and a more detailed characterisation by means of
nitrogen adsorption/desorption, XRD and HRTEM compared
to conventional silica materials.” Like the commonly used silica
and alumina supports,”* MCM-41 materials are capable of sur-
face reactions via terminal silanol groups. Only a few MCM-41
host-guest systems derived from main-group* and d-transition
organometallics*® have previously been described. Recently we
communicated our initial results on a heterogeneously per-
formed silylamide route involving f-element organometallics.®
The dehydrated MCM-41 employed was specified by C,,H,o-
NMe;Br as the templating agent and a ratio of Si:Al= 18:1
[XRD, after calcination at 540 °C for 5 h: d,g = 35.9 A; nitrogen
adsorption—desorption isotherms: Brunauer—-Emmett-Teller
(BET)surfacearea 1005m?g !, mean pore diameter (desorption)
26 A, pore volume (desorption) 0.78 cm® g!]. The preferred
formation of thermodynamically stable lanthanide—siloxide
6 bonds is known from molecular model complexes, as
exemplified by a structurally characterised silasesquioxane
derivative of yttrium.>!

The MCM-41 material 8 used in this study was synthesized
according to the literature employing C,¢H;;NMe,Br as a tem-
plating agent.>** An aluminium-free synthesis was envisaged to
exclude possible Lewis-acid effects during both subsequent
ligand-exchange reactions and catalytic examinations. After
calcination (N,, 540 °C, 5 h, heating rate 1.5°C min'; air,
540 °C, 5 h) and dehydration (10° Torr, 280 °C, 4 h, heating
rate 1°C min™'), 8 was characterised by XRD (calcined:
dyg0 = 39.4 A), nitrogen adsorption—desorption isotherms (Table
4) and IR spectroscopy [V(O-H) 3695 cm ™!, v,.,(Si-OH) 980

asym
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Table 4 Surface area, pore volume and pore diameter of MCM-41 (hybrid) materials

Sample T ax! °C (t/)“ a(BET)m*g ™' (C)*® V,flem® gt iy max A
8 280 (4.0) 1137 (80) 0.85 27
9a 25 (5) 648 (78) 0.23 17
9% 25(5) 626 (39) 021 (15)
9c 25(5) — 0.52 17.5, 22
9d 25(5) 798 (16) 037 18
9 250 (4.0) 778 (33) 0.44 18

10a 250 (2) 860 (30) 0.58 215

10b 250 (2) 816 (31) 0.53 21

“ Pretreatment temperature, evacuation time at 1073 Torr. ® Specific BET surface area according to equation (5) (C = BET constant). © BJH desorp-
tion cumulative pore volume of pores between 15 and 40 A diameter. 9 Mean pore diameter according to the maximum(a) of the pore-size
distribution; d, < 20 A resulting from the BJH method have to be viewed critically.
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Fig. 5 The FTIR spectra (Nujol) of MCM-41 (8), [Y{N(SiH-
Me,), }5(thf),] 1a, 9a (1.2 mmol of 1a per g of 8) and 10a [8 + HN(Si-
HMe,),] after pretreatment at 1073 Torr, 2 h and 250 °C

cm'].5%%%* A 1.2 mmol amount of silylamide 1a per g of 8 was
initially employed in the grafting procedure as shown in Scheme
3. Upon stirring for 20 h, followed by several n-hexane washings
and drying under vacuum for at least 5 h, hybrid material 9a
was obtained as a white powder. From prolonged Soxhlet
extractions of 9a only traces of what we assume to be a non-
chemically anchored complex 1a could be isolated. The XRD
spectrum of air-exposed 9a shows the two lower-angle reflec-
tions of the characteristic four-peak pattern of 8, however, with
considerably decreased intensity.

The FTIR spectrum of material 9a revealed the consumption
of all terminal silanol groups and the disappearance of the SiO
mode at 980 cm ™! (Fig. 5).**5 The Si—H stretch as a unique IR

** The assignment of the stretching vibration at 980 cm ™' is contro-

versial, however, it seems now to be established as the Si—~OH vibration
mode.
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probe*® allowed the assignment of the lower-energy band at
2060 cm ™! to metal-bonded silylamide moieties (siloxide form-
ation).” The vibration mode at 2151 cm ™! was found to origin-
ate from ‘OSiHMe, species formed via a silylation reac-
tion.T1°"*® Independently performed reactions of excess of
silylamine HN(SiR;), with 8 in n-hexane revealed the formation
of silylated 10a (SiR; = SiHMe,, Fig. 5) and 10b (SiR; = SiMe;)
under these mild conditions. The presence of probably metal-
bonded ammonia as a silylation coproduct is evidenced by
the appearance of the symmetric and asymmetric stretch-
ing vibrations of N-H (3380, 3330 cm™!). For comparison,
silylation reactions according to the homogeneously performed
silylamide route are observed only when excess of, e.g. silanol
HOSiBu'; is employed.”® Calculations from the elemental
analysis of 10b reveal that approximately 16.7% of the MCM-
41 silicon atoms of 8 are carrying OH groups accessible for
SiMe; silylation. Considering the BET surface area of 1137 m?
g ! and the monofunctional surface reaction of HN(SiMe;),,
the number of accessible reactive surface sites A for 8 are
approximately 1.26 per 100 A? from gravimetric and carbon-
based elemental analysis calculations. This value is significantly
smaller than the number of attached trimethylsilyl groups of
1.5 per 100 A? attributable to the ‘fast reaction’ of HN(SiMe;),
with predried silica materials in toluene at ambient temperature
and may arise from the curved pore structure.’” The higher
values of 18.8% and 1.42 per 100 A2 respectively, obtained
for HN(SiHMe,), silylation document the decreased lateral
extension of the dimethylsilyl group. These calculations are
consistent with IR spectroscopic examinations which reveal a
considerable amount of non-silylated silanol functionalities
in the region 3700-3600 cm™' after treatment of 8 with
HN(SiMe;),. In addition, pre-HN(SiMe;),-silylated 10b can
be post-silylated with a significant amount of HN(SiHMe,),
in n-hexane at ambient temperature as evidenced by the
appearance of the vibration mode at 2151 cm ™! and elemental
analysis.

The existence of an accompanying silylation reaction might
have significant implications on the catalytic performance of
the hybrid materials, since not only the spacing/shielding of the
metal centres but also the hydrophobicity of the support
material is affected.®” Furthermore, elemental analyses and sur-
face reactions of the hybrid materials 9 favour the presence of
‘MCM-41-0,Ln[N(SiHMe,),]’ over bis(amide) moieties. The
formation of such mixed siloxide-amide species via surface
organometallic chemistry seems to be an interesting synthetic
approach. Corresponding molecular species are rare due to
the hardly controllable stoichiometry of homogeneous amine
elimination reactions.®!

Nitrogen adsorption and desorption isotherms of materials 9
and 10 clearly show the filling of the mesopores (Fig. 6). The
host-characteristic type IV isotherm (8) is replaced by type

11 Hexamethyldisilazane was thoroughly studied as a trimethylsilylating
agent for silica (gels).”"®
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Fig. 6 Nitrogen adsorption and desorption isotherms (77.4 K) for
materials 8, 9a (1.2 mmol of 1a per g of 8, 1073 Torr, >5 h, r.t.), 9¢ (0.51
mmol of 1a per g of 8, 1073 Torr, >5 h, r.t.), 10a [8+HN(SiHMe,),,
1073 Torr, 2 h, 250 °C] and 10b [8 + NH(SiMe;),, 102 Torr, 2 h, 250 °C]

I isotherms (9a) indicative of microporous solids having a
relatively small external surface.®* The original pore volume of
0.85 cm® g~! is reduced to approximately 0.29 cm® g! (after
activation at 100 °C under high vacuum). Analysis of the
integral Barret-Joyner—Halenda (BJH) desorption volume d ¥/
dd reveals a regular distribution of the lanthanide silylamide
species inside the mesopores. Extended areas of predominantly
silylated sites in the interior of the pores are absent according to
the pore distribution (no mean pore diameters >20 A). The
silylated materials 10 still display type IV isotherms and the
formation of ‘OSiHMe,” and ‘OSiMe;’ groups, respectively,
reveals effective pore-size engineering (Table 4, Fig. 6).

The following studies were performed further to evaluate (i)
the maximum loading of complex 1a, (ii) the effect of a given
silylamide : silylamine ratio on metal loading, i.e., proof and
extent of silylation, and (iii) the thermal stability of 9. Reaction
of 2.0 mmol of 1a with 1 g of 8 revealed that 1.46 mmol of 1a is
the maximum loading for 1 g of host material 8 under the pre-
vailing reaction conditions. The increased complex loading of
9b compared to 9a is indicated by the relative increase of the
Si—H stretch of metal-bonded silylamide at 2060 cm™'. When
1 g of 8 is treated with 0.51 mmol of 1a to yield hybrid material
9¢ again all OH are consumed, however, now the v(SiH)
vibration stretch belonging to the ‘OSiHMe,” moiety is
increased relative to that of 9a. The BJH differential pore-size
distribution, derived from the N, adsorption—desorption data
of 9¢ (Fig. 5, Table 4), displays a narrow maximum in the
mesopore regime at 22 A in addition to a broad distribution of
pores centred around 17.5 A. Such a distribution can be assigned
to the presence of two differently modified pores which resemble
9a and 10a, respectively.

These findings hint at the initial steps of the mechanism of
the immobilisation reaction (Scheme 4): (A) (i) diffusion of the
silylamide complex onto the MCM-41 surface is slow com-
pared to the siloxide formation reaction; (ii) an immobilised
species seems to affect the surface hydrophobicity and guides
approaching molecules into the same and adjacent pores; (iii)
when the silylamide complex is entirely consumed silylation
proceeds as evidenced by pore areas which were exposed to
silylation reactions exclusively. The assumption that nanosized
uniform mesopore arrays, as outlined in Scheme 4(A), are stuck
together in the form of micro-sized spheres®® suggests an alter-
native pore-filling procedure [Scheme 4(B)]: (i) each silylamide
complex reacts rapidly with the nearest silanol groups which are
on the external surface and at the pore entrances; (ii) siloxide
formation proceeds regularly from the outer areas to the
interior of the MCM-41 agglomerate, involving the steps pro-
posed in model (A) for the nano-regime; (iii) upon consumption

MCM-41 8 + [Y{N(SiHMey)ss(thf)s] 1a
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Scheme 4 Proposed filling of the mesopores at low complex loadings

of all silylamide complex silylation proceeds in the innermost
part of the agglomerate.

Treatment of material 8 with specific mixtures of free
HN(SiHMe,), and silylamide 1a in n-hexane (8:1a:silyl-
amine =1 g:1.2 mmol:2.4 mmol or 1 g:1.2 mmol: 12 mmol)
resulted in complete immobilisation of la to yield hybrid
materials featuring similar Si—H stretch vibrations and nitrogen
adsorption—desorption isotherms as those of 9a. Only contact-
ing a suspension of 8 in n-hexane with 1a dissolved in excess of
tetramethyldisilazane (1 g:1.2 mmol: 120 mmol) resulted in a
significant drop in silylamide immobilisation (ca. 12%). From
the nitrogen adsorption—desorption isotherm of the thus
obtained hybrid material 9d we can conclude that there is an
approximately regular distribution of the metal amide moieties
inside the mesopores (Table 4). However, the maximum of the
pore-size distribution is shifted to a higher diameter of 18 A
compared to that of 9a. Preliminary silylamine-based silylation
studies support that HN(SiMe;),-silylation reactions of 8 con-
ducted in n-hexane suspensions are slow*’ and occur regularly
affording uniform pore diameters adjustable in the range 20-26
A% 1t can be derived that the degree of silylation is directed
both by the amount of silylamine added and by the contact
time. These findings suggest that under the prevailing reaction
conditions there is negligible competition between silylation
and silyloxide formation reactions, arising from a mesopore-
directed diffusion-controlled anchoring process.® Considering
an approximate silylamide monolayer coverage of 0.75 per nm?
for 1a, estimated from the van der Waals molecular diameter of
12.3+0.3 A, and the amount of accessible silanol groups in the
range >1.4 per 100 A2 for 8, a docking procedure is suggested,
where in an initial rapid step all silylamide complexes react
with surface sites which are readily available for such bulky
molecules. The subsequent lower-rate reaction sequence
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Fig. 7 Nitrogen adsorption and desorption isotherms (77.4 K) of
material 9b, treated at various temperatures (4 h, 1073 Torr)

where the sterically less hindered silylamine probably competes
for the residual OH group might be explained by a diffusion-
controlled process at the sterically crowded surface.

The generation and preference of silylated ‘=SiOSiHMe,’ as
the predominant non-metal bonded Si-HMe, surface species is
plausible from the 0.51 mmol reaction of compound la with
8 and the spectroscopic evidence of the Si—H stretch at 2151
cm ! for 10a (see above). This assignment is corroborated by
additional surface reactions. The consideration of surface ami-
dation products of type ‘O,;SiN(SiHMe,),” via cleavage of
strained surface siloxane bridges would be reasonable as far as
it would parallel the alkylation of oxide support materials with
lithium, aluminium or actinide alkyl compounds.®*¢* However,
the Si—H stretch vibration at 2151 ¢cm™' associated with the
non-metal bonded SiHMe, moiety cannot be ‘removed’ by
extracting the hybrid material 9a with HOC(CF;);—thf solu-
tions (pK, =5.7).% In the presence of the amidation product
‘O,SiN(SiHMe,),’, the hydrolytically unstable Si—-N bonds
should be cleaved completely by the acidic alcohol. As
expected, the yttrium surface species of 9a can be ‘degrafted’
as perfluorinated alkoxide complexes® to render support
materials (0.8 wt.% Y) displaying nitrogen adsorption—
desorption isotherms similar to those of 10a. On the other
hand, evidence for the feasibility of such an amidation reaction
stems from reactivity studies between [Y {N(SiHMe,),};(thf),]
la and strained dialkylsiloxanes® and a dimethylsilanone
insertion into a Ln—N (pyrazole) bond reported recently.?’

Thermal treatment of maximum loaded material 9b was per-
formed in the range of 25-250 °C at 1073 Torr. A weight loss of
4.6% observed in the range 25-100 °C results from the separ-
ation of co-ordinated thf and physisorbed NH;. At approxi-
mately 150 °C silylamide degradation starts leading to a total
weight loss of 9.4% at 250 °C. However, Si—H stretch vibrations
assignable to metal-bonded ligands are still present after heat-
ing at 200 °C. Upon thermal treatment at 250 °C for 4 h under
high vacuum a material 9e is obtained, the FTIR spectrum of
which shows Si—H vibrations of the ‘OSiHMe,” moiety only.
The gradual loss of the metal-bonded ligands is also reflected in
the steady increase of the pore volume and change of the nitro-
gen adsorption isotherm from type I to IV (Fig. 7). The nitro-
gen adsorption—desorption isotherm of 9e is comparable to
that of the silylated material 10a and reveals a pore diameter of
approximately 20 A (Table 4). A more detailed study of the
thermal degradation process will give further information
about the volatile decomposition products and the lanthanide
species (8.6 wt.% Y) left on the support.5®%

Conclusion

The synthetic, spectroscopic, structural and reactivity patterns
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of the complexes [Ln{N(SiHMe,),};(thf),] presented in this
work further emphasise their promising potential as synthetic
precursors. The first comprehensive crystal structure investig-
ation of bis(dimethylsilyl)amide complexes reveals that this lig-
and is sterically rather flexible and favours the formation of
bis(thf) adducts for 16 rare-earth elements including Y and La.
This molecular uniformity should ease comparative interpret-
ations of ligand-exchange reactions. The isolation of four-
co-ordinated [Sc{N(SiHMe,),};(thf)] reflects the significant
drop in the ionic radius for scandium.” Both a proposed steric
unsaturation and the enhanced Lewis acidity of the metal
centre probably direct the formation of close Sc---Si
contacts in the solid state. The feasibility of AlMe;-directed
alkylation reactions decisively contributes to the synthetic ver-
satility of the Ln—-N(SiHMe,), moiety. This might be particu-
larly useful in the alkylation of readily available heteroleptic
complexes of type [Ln{N(SiHMe,),L,}] to enhance their cata-
lytic activity.

The additional ‘spectroscopic versatility’ of the N(SiHMe,),
moiety and nitrogen physisorption measurements proved to be
crucial in the elucidation of the immobilisation reaction of
[Y{N(SiHMe,),}s(thf),] on mesoporous MCM-41. Infrared
spectroscopic examinations and surface reactions allowed the
assignment of ‘(=Si0),Y[N(SiHMe,),],” and ‘=SiOSiHMe,” to
be the predominant products of a heterogeneously performed
silylamide route. Future investigations will shed more light on
the composition and options of a sterically unsaturated rare-
earth species, obtained by thermal degradation of the immobil-
ised metal-ligand fragment and embedded in a hydrophobic
SiR; matrix. We are also currently examining the MCM-41—
rare-earth silylamide derived hybrid materials as a platform for
second-generation amine-elimination reactions.

Experimental
General

The synthesis and manipulation of all compounds and hybrid
materials were performed with rigorous exclusion of air and
water, using high-vacuum and glove-box techniques (MB Braun
MBI150B-G-II; <1 ppm O,, <1 ppm H,0). Solvents were dis-
tilled from Na/K alloy (benzophenone ketyl) under argon. The
compounds AlMe; (Aldrich) and HN(SiHMe,), (Lancaster)
were used as received, anhydrous LaCl;, YCl;, ErCl;, LuCl; and
Sc,0; were from Aldrich and LiN(SiHMe,),,'®* [LnCl,(thf),]*?
and Ln(O,;SCF;),” were prepared according to the literature.
The material MCM-41 8 was synthesized according to ref.
52 and dehydrated before use. Dehydration at temperatures
>350 °C led to partial collapse of the mesopores as indicated by
nitrogen adsorption—desorption isotherms.

Spectroscopy and analysis

The FTIR spectra were recorded on a Perkin-Elmer 1600 series
spectrometer and a 1760X spectrometer using Nujol mulls
between Csl plates (C—-H and C-C vibrations are not listed
as they overlap with Nujol absorptions). NMR spectra on a
JEOL-JMN-GX 400 instrument (400 MHz, 'H; 100.54 MHz,
3C; 79.43 MHz, *Si) at ambient temperature in C4,D4 unless
otherwise noted and mass spectra on a Varian-MAT 90
spectrometer (CI method). Elemental analyses were performed
by the microanalytical laboratory in Munich, and on an
Elementar VarioEL and an emission spectrometer plasma 400
(Perkin-Elmer).

Nitrogen adsorption—desorption

Nitrogen physisorption measurements were performed on an
ASAP 2010 volumetric adsorption apparatus (Micromeritics)
at 77 K for relative pressures from 1072 to 0.60 [a,(N,, 77
K) = 0.162 nm?]. Prior to analysis the samples were outgassed at
ambient temperature for 5 h under vacuum (about 1073 Torr)



unless otherwise noted in Table 4. The specific surface area ag
was determined by means of the BET method [equation (5),

1 Cc—-1
et e ©
n(p° —p) nyC  npCp

re = 26" RT In(p°/p) (6)
dp = z(rK + lads) (7)

n* = amount of nitrogen adsorbed at the relative pressure p/p°,
n%, = monolayer capacity, C = constant]. The pore-size distribu-
tion was obtained on the basis of the BJH method using the
Kelvin equation (6), (r¢ = Kelvin radius for cylindrical pore
shape, ¢'¢ = surface tension of the liquid condensate, v' = molar
volume of the liquid condensate, R = universal gas constant at
the absolute temperature 7') to calculate the mean pore di-
ameter d, [equation (7), t,4 = correction term for multilayer
thickness).®* The reproducibility of the measurements was
monitored by a second run.

Preparations

[Ln{N(SiHMe,),};(thf).] (Ln =Y 1a, Er 1b, Lu 1c¢ or Sc 3.
The compound Li[N(SiHMe,),] (2.9 equivalents) was added
slowly to a suspension of [LnCl,(thf),] in n-hexane {10 cm?® per
mmol [LnCl,(thf),]}. After stirring for 12 h at ambient temper-
ature the reaction mixture was filtered and the white residue
washed with n-hexane {5 cm® per mmol (LnCl,(thf).]}. The
n-hexane phases were combined and the solvent removed
in vacuo. The powder obtained was crystallised from n-hexane.
Additional spectroscopic data are listed in Table 1.

Compound 1a: synthesized according to ref. 7(c).

Compound 1b (85%, after crystallisation): from [ErCl;-
(thf), ,5] (1.500 g, 2.95 mmol) and Li[(SiHMe,),] (1.191 g, 8.56
mmol) (Found: C, 33.2; H, 88, N, 5.8. C,jHsErN;0,Sig
requires C, 33.9; H, 8.25; N, 5.9%); V. /om ™' 1244vs, 1023vs,
895vs, 835s, 789s, 781s, 678m and 621m.

Compound 1c (1.158 g, 81%, after crystallisation): from
[LuCl,(thf); ] (1.01 g, 2.03 mmol) and Li[N(SiHMe,),] (0.834 g,
5.99 mmol) (Found: C, 33.15; H, 7.75; N, 5.4. C,,HssLuN,0,Si¢
requires C, 33.5; H, 8.2; N, 5.9%). V,,../cm ' 1377s, 1245s, 1020
(br), 935m, 898s, 837s, 791m, 764m, 684m, 625m and 409w; Oy
3.61 (4 H, thf), 1.25 (4 H, thf) and 0.40 [36 H, SiCH,, *J(HH)
2.8 Hz]; 5.{"H} 65.3 (thf), 25.4 (thf) and 0.27 (SiCH,); m/z 949
[8, 2M" — 3thf — 2HN(SiHMe,), — HJ, 889 [7, 2M " — 2thf —
3HN(SiHMe,),], 570 (39, M* — 2thf — 2H), 557 (49, M* —
2thf — CH,; — 2H), 511 (100, M* — 2thf — SiHMe, — 2H), 437
[23, M* — 2thf — HN(SiHMe,), — 2H] and 132 [32%,
N(SiHMe,),].

Compound 3 (0.956 g, 67%, after crystallisation): from
[ScCl4(thf), 4] (1.049 g, 2.85 mmol) and Li[N(SiHMe,),] (1.160
g, 8.33 mmol) (Found: C, 37.1; H, 9.5; N, 7.25. C,H,N;OScSi
requires C, 37.3; H, 9.8; N, 8.2%). V. /em ! 1247s, 1016vs
(br), 900vs (br), 838s, 796s, 763s, 688m, 631m and 432w; 6, 3.95
(m, 4 H, thf), 1.26 (m, 4 H, thf) and 0.37 [d, 36 H, SiCH,,
3J(HH) 2.9 Hz]; §.{'H} 72.7, 25.1 and 3.2; m/z 442 (4,
M™ — thf), 426 (5, M* — thf — CH,), 383 (28, M" — thf —
SiHMEe,), 308 [20, M™ — thf — H,N(SiHMe,),], 248 [41, M —
thf — N(SiHMe,), — SiHMe,H — 4H], 132 [39, N(SiHMe,),]
and 117 [100%, N(SiHMe,), — CH,].

[La{N(SiHMe,),};(thf),] 1d. A general procedure for the
various synthetic approaches, listed in Table 2, is as follows:
lanthanum precursor compound (1 mmol), alkali-metal amide
precursor (2.9 mmol) and solvent (10 cm® per mmol of La)
were placed in a flask equipped with a fused reflux condenser
and blow-off valve. After stirring for a given period of time at a
given temperature the solvent was removed in vacuo and the
residue dried for 12 h at 10~ Torr. The residue was extracted

with n-hexane (10 cm® per mmol of La) and separated via a
cannula. After evaporation the products were obtained as
white, crystalline solids which were crystallised from n-hexane.
Compound 1d (run d, 9.814 g, 96%), from [LaCl,(thf), 5] (5.125
g, 15.00 mmol) and Li[N(SiHMe,),] (6.058 g, 43.50 mmol)
(Found: C, 34.3; H, 8.4; N, 6.0. C,HsLaN;0,Sis requires
C, 35.3; H, 8.6; N, 6.2%). V. /em ! 1242vs, 1057vs, 934s,
893vs, 834m, 782m, 761m, 680m and 622w; 64 3.87 (m, 4 H,
thf), 1.36 (m, 4 H, thf) and 0.38 [d, 36 H, SiCH;, *J(HH) 2.9
Hz]; §c{"H} 70.3 (thf), 25.3 (thf) and 3.2 (SiCH;); m/z 606
(4, M* —thf), 534 (47, M* — 2thf), 473 [5, M — thf—
N(SiHMe,),], 403 [10, M™ — 2thf — N(SiHMe,),], 265 {28,
[N(SiHMe,),],H}, 204 [100, (Me,SiH)N(Me,SiH)N(Me,Si),N]
and 134 [24%, H,N(SiHMe,),].

[Nd{N(SiHMe,),};(thf),] 1le. Synthesized (9.325 g, 91%)
according to the procedure described for compound 1d (run d)
from [NdCl,(thf), 0] (5.923 g, 15.00 mmol) and Li[N(SiHMe,),]
(6.058 g, 43.50 mmol). The IR and CI mass spectra and ele-
mental analysis were comparable to those in ref. 7(a). dg 12.0
[s, Avi=400, thf], 5.9 [s, Aw=60, 6 H, SiCH;] and —15.9
[s, Aww=370 Hz, thf]. §.{'H} 28.2 [Avi=120, thf], 20.0
[Avi=20, SiCH,] and 13.2 [Av: = 45 Hz, thf].

[Li{N(SiHMe,),}(thf)] 2. The compound Li[N(SiHMe,),]
(0.139 g, 1.00 mmol) was placed in a flask (100 cm®) fitted with a
fused reflux condenser, dissolved in thf (20 cm®) and refluxed
for 18 h. Then the solvent was removed in vacuo, leaving 2 as a
white powder (208 mg, 0.984 mmol, 98%) (Found: C, 44.8;
H, 10.5; N, 6.6. CgH,,LiNOSIi, requires C, 45.45; H, 10.5; N,
6.6%). Via/cm ™! 1239vs, 1048vs, 936s, 900vs, 828s, 775s, 756s,
698w, 674m, 623m and 460s. 8y 3.63 (m, 4 H, thf), 1.27 (m,
4 H, thf) and 0.42 [d, *J(HH) 3.0 Hz, 12 H, SiCH,]. .{'H}
68.8 (s, thf), 25.2 (s, thf) and 4.41 (s, SiCH;). 6y {'H} (14.9
MHz) 53.9.

Reactions of [Y{N(SiHMe,),};(thf),] 1a with AlMe,

Compound 1a (0.316 g, 0.50 mmol), dissolved in n-hexane (10
cm?), was treated with various amounts of AlMe; (n % 0.036 g,
0.50 mmol; n =1, 2, 3, 5 or 8), diluted with n-hexane (2 cm®), at
ambient temperature. The 2, 3, 5 and 8 equivalent reactions
produced white precipitates which were separated by centri-
fugation. The n-hexane fractions were reduced in volume in
vacuo and placed in a refrigerator for crystallisation (—35 °C).
Colourless single crystals were formed from the 2, 3, 5 and 8
equivalent reactions and spectroscopically identified as 6 [V,,,,/
cm™ ! 1258s, 1216m, 1199s, 1023m, 917s, 855s, 787s, 723s, 692s,
609m, 577m, 552m, 524m and 450w; &y 0.20 [d, *J(HH) 2.9
Hz, 12 H, SiMe,] and —0.11 (s, 6 H, AIMe)]. The solvent of the
remaining n-hexane fractions was removed in vacuo and the
resulting oily, partly crystalline residues spectroscopically
examined. The following data apply to the ‘SiH’ and “Y/AIM¢’
regions: 1 equivalent reaction, 6y —0.41, see Table 1; 2 equiv-
alent reaction, V,,, /cm™! 2177m, 2089vs and 1917m; & 4.96,
4.84, 4.67, —0.21, —0.26, —0.52 and —0.54; 3 equivalent reac-
tion, ¥, /cm ™! 2183m, 2133m, 2086s and 1888s; &y 4.96, 4.85,
4.66, —0.21, —0.24, —0.26, —0.53 and —0.54; 5 equivalent reac-
tion, V,,,/cm ™! 2183m, 2090w and 1894w; &y 4.96, 4.60, —0.18,
—0.20, —0.26 and —0.51; 8 equivalent reaction, V,/cm™
2183s; 84 5.02, —0.12 and —0.26; ‘white precipitate’ (Found: C,
19.3; H, 5.25; N, 3.5%); Vpma/cm * 1961s (br); 8y ([*H,]thf) 4.71,
4.57,4.46, —0.97, —1.18 and —1.33.

X-Ray crystallography

Single crystals suitable for an X-ray diffraction study were
obtained by cooling saturated solutions of complexes 1c, 1d
and 3 in n-hexane at —35 °C. All structures were solved by a
combination of direct methods, Fourier-difference syntheses
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Table 5 Crystallographic data for [Lu{N(SiHMe,),};(thf),] 1c, [La{N(SiHMe,), } ;(thf),] 1d and [Sc{N(SiHMe,), } ;(thf)] 3*

1c

Formula C,HssLuN;0,Sig
M 716.20
Crystal size/mm 0.28 x 0.25 x 0.15
space group P2/c
alA 13.0367(5)
blA 16.1585(9)
clA 16.8211(7)
p/° 91.769(4)
UIA? 3541.7(3)
DJ/gcem™? 1.343
wem™! 30.1
F(000) 1480
0 Range/° 2.01-25.62
Data collected (/,k,/) +15, £19, £20
No. of reflections collected 22 859

independent 6435

observed 6435 (all data)
Ry 0.0511
R, 0.0376
WR, 0.0489
Goodness of fit 0.895
APmaxmine A7 +0.64, —0.58

* Details ip common: colourless; monoclinic; Z =4; R1 =X(
(Ny — Ny)I’, N, = number of observations, N, = number of variables.

1d 3
C,HssLaN;0,Sig C,6HsoN;0ScSig
680.12 514.06

0.38 X 0.36 x 0.24 0.24 x 0.13 x 0.12
P2/c P2/n
13.201(1) 10.0679(5)
16.455(1) 18.4195(10)
16.988(2) 16.9889(8)
91.50(1) 92.001(3)
3688.9(6) 3148.6(3)
1.225 1.084

13.7 4.7

1424 1120
2.70-25.56 2.21-24.65
+16, 19, £20 +11, £21, £19
18 435 21236

6595 5235

6595 (all data) 5235 (all data)
0.0458 0.0401

0.0741 0.0761

0.1193 0.0788

1.061 0.832

+1.43, -0.49 +0.55, —0.34

|F,| — |FJ|VEIF,|; wR2 = [Ew(F,> — FAYEw(F,2; goodness of fit = [Sw(F,? — F2)Y

and least-squares methods. Neutral atom scattering factors
for all atoms and anomalous dispersion corrections for the
non-hydrogen atoms were taken from ref. 72. All calculations
were performed on a DEC 3000 AXP workstation with the
STRUX-V system,” including the programs PLATON 92,
PLUTON 92,*' SIR 927 and SHELXL 93.7

Data collection, structure solution and refinement. A summary
of the collection and refinement data is given in Table 5. Pre-
liminary examination and data collection were carried out on
an imaging-plate diffraction system (IPDS, Stor & CIE)’
equipped with a rotating anode (Enraf-Nonius FR591; 50 kV,
60 (1d) or 80 mA (1c and 3), 3.0/4.0 kW) and graphite-
monochromated Mo-Ka radiation (A 0.710 73 A). The data col-
lection was performed at 193 K within the range 0 1.86-25.65°
with an exposure time of 3.0, 4.0 or 3.0 min per image (either
oscillation or rotation scan modes from ¢ = 0.0 to 169, 133 or
195 with Ag = 1°). A total number of 22 859, 18 435 and 21 236
reflections were collected; 1470, 1417 and 2327 negative and
402, 394 and 424 systematically absent reflections were rejected.
After merging 6435, 6595 and 5235 independent reflections
remained and were used for all calculations. Data were cor-
rected for Lorentz-polarisation effects. Corrections for intensity
decay and/or absorption effects were applied for compounds 1¢
and 1d with the program DEcay.”® The unit-cell parameters
were obtained by least-squares refinements of 5000, 1987 and
3998 reflections with the program CeLL.”® All ‘heavy atoms’ of
the asymmetric unit were anisotropically refined. All hydrogen
atoms were calculated in ideal positions (riding model); for 1d
only the hydrogen atoms bound to the Si atoms could be found
by Fourier-difference maps and were allowed to refine iso-
tropically. Full-matrix least-squares refinements were carried
out by minimising Zw(F,?> — F*)? with a SHELXL weighting
scheme and stopped at shift/error <0.001.

CCDC reference number 186/841.

General procedure for immobilisation of [Y{N(SiHMe,),};(thf),]
1a on MCM-41 8

Compound 1a, dissolved in n-hexane (10 cm®) [4 cm?® of
HN(SiHMe,), in the case of 9d], was added to a suspension of 8
in n-hexane (10 cm®) within <1 min. The reaction mixture was
allowed to stir for 20 h at ambient temperature and then separ-
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ated via centrifugation. The residue was washed several times
with n-hexane (20 cm®). The n-hexane fractions were collected
and the solvent evaporated to determine unchanged la. The
hybrid materials 9 were dried in vacuo for at least 5 h: 9a, from
1a (0.613 g, 0.97 mmol) and 8 (0.833 g), no unchanged 1la
(Found: C, 12.0; H, 2.7; N, 1.8; Y, 7.6%), V. /cm™' [N(SiH-
Me,),] 2151m, 2061m, 899s, 836m, 678m and 626m; 9b, from
1a (0.263 g, 0.42 mmol) and 8 (0.209 g), 0.070 g (0.11 mmol)
unchanged 1a [Found (25 °C): C, 12.9; H, 2.8, N, 2.0. (100 °C):
C, 10.0; H, 2.0; N, 2.1. (150 °C): C, 8.8; H, 2.1; N, 2.1. (200 °C):
C, 82; H, 1.8; N, 2.2. (250°C, 9¢): C, 7.2; H, 1.8; N, 2.2; Y,
8.6%)], Vmax/cm™! [25°C, N(SiHMe,),] 2151m, 2063m, 898s,
836s, 792s, 762s, 679m and 626m; 9¢c, from 1a (0.068 g, 0.11
mmol) and 8 (0.211 g), no unchanged 1a (Found: C, 7.7; H, 1.9;
N, 1.7;Y, 3.55%), Vma/cm ™! [N(SiHMe,),] 2151m, 2047m, 902s,
837s, 773s and 628m; 9d, from 1a (0.182 g, 0.29 mmol) and 8
(0.232 g), 0.009 g (0.02 mmol) unchanged 1a (Found: C, 10.5;
H, 2.3; N, 2.6; Y, 6.95%), Vpa/cm™! [N(SiHMe,),] 2151m,
2059m, 900s, 837s, 773s and 627m.

10 [8 + HN(SiR;),]. To a suspension of material 8 (ca. 0.250
g) in n-hexane (10 cm®), disilazane (0.3 cm?, excess) was added.
After stirring the reaction mixture for 20 h at ambient temper-
ature, unchanged silylamine and n-hexane were removed in
vacuo. The silylated materials 10 were dried in vacuo for at least
5 h at 20 °C, then heated at 250 °C under high vacuum for 3 h:
10a (R = SiHMe,) (Found: C, 6.45; H, 1.7%), Vya/cm " [N(Si-
HMe,),] 2151m, 905s, 837s, 773m and 629m; 10b (R = SiMe;)
(Found: C, 8.6; H, 2.05%), V. /cm ™! [N(SiMe;),] 865m, 846s,
757m and 566m.
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